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Abstract 
In connection with increasing needs of different branches of industry for steels with excellent mechanical properties, 
like high strength combined with high ductility on one hand and low or at least moderate costs on the other hand, an 
experimental low alloy 42SiCr steel has been developed. If a conventional heat treatment is applied to this material, a 
very high strength can be reached, however with an unacceptable low ductility. Well balanced properties, i.e. strength 
about 2000 MPa and ductility more than 10 – 15 %, can be achieved by an application of advanced heat treatment 
methods like Q-P (quenching and partitioning) process, consisting in quenching at intervals between martensite start 
and martensite finish temperatures resulting in stabilization of untransformed austenite by partitioning carbon.  
In service, numerous engineering components are exposed to variable, fatigue loading, whereas resistance to fatigue 
is usually particularly affected by different heat treatment methods or parameters and fatigue damage mechanisms 
have strong connections to material type, strength and microstructure. The aim of this study was to investigate fatigue 
properties of the 42SiCr steel treated using the Q-P process. Results of fatigue experiments are presented with respect 
to the basic material state and after traditional heat treatment – quenching and tempering. Fatigue damage initiation 
mechanisms, analysed particularly from fracture surfaces, and connections between fatigue properties and 
microstructure are discussed.  
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1. Introduction 
Developments of new or modified steel grades and advanced modifications of heat and other 
treatments are driven by the need for cost reduction, weight saving, fuel economy, higher mechanical 
performance and higher safety and reliability of structures and components exposed to high static and 
particularly fatigue service loading, in response to environmental and economic demands 1 . New steels, 
their modifications or advanced heat treatments giving improved performance are being developed.  
It is well known that fatigue strength and resistance to fatigue damage of steels usually can be  
correlated with static strength, whereas microstructure issues play an important role, too 2 . As an 
example, in quenched and tempered 0.2%C-Ni-Cr-Mo steels, increased martensite contents produces 
higher impact energies and lower fracture appearance transition temperatures. Fatigue lives in the high 
cycle regime increase with martensite content and fatigue strength and ultimate tensile strength (UTS) are 
directly related.  
Another situation occurs when the material contains small natural defects like inclusions or other 
similar microstructure imperfections. Fatigue strength is then affected by resistance of the material to 
growth of physically short cracks or standard fatigue cracks. Material endurance limit then depends on the 
weakest link, which may be either resistance to fatigue crack initiation on smooth surface or resistance 
against growth of small fatigue cracks from the defects, either surface, subsurface or internal. Size of 
microstructure defects is an essential factor, in combination with the resistance to small fatigue cracks, 
which can be considered as a material characteristics 3-5 .  
High strength steels with a good resistance to fatigue crack initiation on smooth surface have 
unfortunately usually reduced resistance to crack growth, including short cracks (e.g. 6 ). This may be 
the reason why experimental evaluation of endurance limit of high strength steels may be complicated, is 
connected with large scatter and depends on statistical distribution of inclusions, hardness and other 
factors 7 .  
In this paper, results of experimental investigation of fatigue properties of an experimental 42SiCr 
steel after different heat treatment procedures are presented. Fatigue damage initiation mechanisms, 
analysed particularly from fracture surfaces, and connection between fatigue properties and 
microstructure are discussed. 
2. Experimental material 
The experimental programme was carried out on a 42SiCr steel representing a modification of 
materials suitable particularly for manufacture of transport vehicles components like shafts, pins, screws 
or springs. The chemical composition of 42SiCr steel is 0.43 % C, 2 % Si, 0.59 % Mn and 1.33 % Cr 
(weight %). In comparison with similar steels of this category, the 42SiCr steel contains an increased 
amount of Si with the aim to improve strength and fatigue resistance. Silicon also reduces precipitation of 
carbides and enables diffusion of carbon to residual austenite 8 . Manganese increases carbon solubility 
in austenite and retards occurrence of pearlite.  
The steel was heat treated with an innovative, so called quenching and partitioning (Q-P) process, 
consisting in quenching at intervals between martensite start and martensite finish temperatures and 
resulting in stabilization of untransformed austenite by carbon diffusing from martensite. As a result, well 
balanced properties, i.e. strength about 2000 MPa and ductility more than 10 – 15 %, can be achieved. 
Optimum parameters of the Q-P process obviously depend on chemical composition of the material 9-
11 .  
Q-P regime applied to the 42SiCr steel was the following: (i) heating to 900oC with 25 minutes hold 
period, (ii) cooling in slat bath heated to 160oC, followed by (iii) short tempering at 250oC for 10 minutes. 
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The final microstructure was represented by martensite with a small fraction of free ferrite and 11.5 % of 
stabilised residual austenite.  
For a comparison, another part of the experimental material was treated using usual heat treatment 
procedure: (i) heating to 900oC with 2 hour hold period, (ii) quenching in water and (iii) tempering at 
250oC for 2 hours. This process resulted in martensitic microstructure. The content of residual austenite 
was, however, only 2.5 %. Eventually, the third part of the material was retained at initial, as received hot 
rolled conditions with ferritic – pearlitic microstructure.  
Survey of mechanical properties and fraction of residual austenite is in Table 1. The HV10 
measurement was carried out on sections taken from the treated material before manufacturing specimens 
for the fatigue programme.  
 
Table 1. Basic mechanical characteristics and content of residual austenite (RA) 
 
Treatment state Strength MPa  Proof stress Ductility %  RA   %   HV10 
As received (hot rolled) 981 592 30 --- 295 
Quenched and tempered  2047 1803 15.8 2.9 573 
Q-P process 1992 1722 21 11.5 531 
3. Experimental programme 
The main part of the investigation programme consisted in high cycle fatigue experiments with the aim 
to find both endurance limit and fatigue strength in the region of limited fatigue life. The tests were 
performed on a high frequency resonance fatigue machine Instron 1603, at load frequency between 140 
and 145 Hz. Specimens with circular cross section were used with M 10 threads. Initially, the diameter in 
central gauge area was 7 mm. As some breaks occurred in threads in the beginning of the test programme, 
the diameter of most of the specimens was reduced to 5 mm (all specimens heat treated and treated with 
Q-P process and most of as received specimens). Fatigue loading was of tension – compression type (load 
asymmetry R = -1).  
After finishing the fatigue tests, some specimens were selected to carry out further analysis, namely  
 fractographical analysis of fracture surfaces targeted in explanation of fatigue crack initiation 
mechanisms, performed on scanning electron microscope JEOL JSM 35,  
 metallograpfical analysis of microstructure using optical microscopes Neophot 32,  
 hardness measurement HV 5 (Vickers Limited HTM device) and microhardness measurement HV 
0.04 (Neophot microscope with Hanemann device), respectively. 
4. Results and discussion 
Total survey of results of fatigue tests is shown in Fig. 1. The as received hot rolled conditions are 
indicated as BM – basic material. The diagram contains also regression lines evaluated for all the three 
groups of specimens, endurance limits and confidence bands along regression lines of heat treated steel 
and treated using the Q-P process.  
The diagram in Fig. 1 contains quite a lot of information, which can be outlined as follws:  
 Results of fatigue tests of heat treated and particularly Q-P treated groups of specimens, respectively, 
are connected with quite big scatter. 
 Both endurance limit and fatigue strength in the region of limited fatigue life of the initial state with 
ferritic – pearlitic microstructure are evidently the lowest of all the three groups. 
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 In spite of the scatter, fatigue resistance and endurance limit of Q-P treated steel can be evaluated as 
highest of all the three groups (regression line of the Q-P group is outside the confidence band of the 
heat treated group and vice versa.  
 If the two results of the heat treated group with the weakest fatigue life (premature breaks at 670 MPa 
and 550 MPa amplitudes, respectively) are excluded, the scatter of results of classically heat treated 
material is considerably lower than that of the Q-P treated group. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Total survey of results of fatigue tests with regression analyses 
 
Fractographical analysis was performed with the particular aim to explain causes of the extreme 
results, either negative or positive. The two specimens of the HT group with the premature break were 
selected.  In case of the group treated with Q-P process, one specimen with poor fatigue life, tested at 
amplitude 720 MPa, and one specimen with good life, tested at 800 MPa amplitude were selected. Results 
of the fractographical analysis strongly indicated that inclusions and impurities were the main causes of 
premature break.  
Subsurface fatigue crack initiation on internal defects obviously is connected with long fatigue lives 
and retarded breaks e.g. 12, 13 . The very fast break in Fig. 2 therefore indicates that the resistance 
against fatigue crack growth in the HT material is poor. There were some other subsidiary causes, which 
likely affected the results of fatigue tests and scatter, like some exsolution found out in both heat treated 
and Q-P treated steels and particularly scatter of microhardness values HV 0.04, identified to be highest 
in the Q-P material. These results unfortunately cannot be presented here due to the limited paper extent. 
They, however, confirm conclusions outlined in 7 . 
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Fig. 2. Causes of premature breaks in HT steel: large internal inclusion (bottom left) and numerous surface or 
subsurface impurities (up right) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Crack initiation on large subsurface impurities in prematurely broken specimen and on very tiny inclusion in 
specimen with long life in case of Q-P treated steel 
5. Conclusions 
Main results of the experimental study of three different heat treatment conditions, namely (i) as 
received hot rolled material with ferritic pearlitic microstructure, (ii) classically heat treated and (iii) heat 
treated using advanced quenching and partitioning (Q-P) process on fatigue resistance and damage 
mechanisms of 42SiCr steel can be summarised as follows: 
200
300
400
500
600
700
800
900
100000 1000000 10000000 100000000
Number of cycles
St
re
ss
 a
m
pl
itu
de
  (
M
Pa
)
HT_break
HT_runout
HT_reg.line
300
400
500
600
700
800
900
1000
100000 1000000 10000000 100000000
Number of cycles
St
re
ss
 a
m
pl
itu
de
  (
M
Pa
)
Q-P_break
Q-P runout
QP_reg.line
Ivo Cˇerný et al. / Procedia Engineering 10 (2011) 3310–3315 3315
 Endurance limit of the Q-P treated material was excellent, followed by classically heat treated and as 
received conditions in sequence. The same concerned in general the region of limited fatigue life, 
where, however, the differences were partially affected by very large scatter, characteristic 
particularly for the Q-P treated steel. In general, effect of increased residual austenite content on 
fatigue resistance of the steel could be evaluated as very beneficial.  
 A poor resistance against growth of short or even long fatigue cracks of the steels treated either 
classically or with the Q-P process was indicated, resulting in strong effect of inclusions on initiation 
and growth of fatigue cracks and affecting consequently also the scatter or premature breaks.  
 Further subsidiary factors affecting the fatigue results, scatter and damage mechanisms were 
indicated, like exsolution or scatter of microhardness values HV 0.04.  
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